The wheat stem sawfly (Cephus cinctus Norton) is a major historical pest of wheat in the northern Great Plains of North America. The insect spends most of its life as a larva protected inside grass stems so that its management has relied on strategies other than insecticides. We conducted a study in southern Alberta from 2006-2009 to assess the effects of wheat species, cultivar, seeding rate, and blending a resistant and a vulnerable cultivar, on oviposition, larval infestation, and cutting damage. The mortality caused by its primary parasitoid, Bracon cephi (Gahan), was also assessed to investigate the potential benefit of cultivar blends to enhance sawfly biological control. Sawfly laid fewer eggs on plants of the durum cultivar 'AC Avonlea' and on those of the solid-stemmed cultivar 'Lillian' compared to plants of the hollow-stemmed cultivar 'CDC Go.' Larval establishments (infestation) followed a similar pattern to that of oviposition. At these locations there was low cutting damage in most years and to a large extent this was due to mortality inflicted by the parasitoid Bracon cephi (40-60%). However, the remaining mortality was attributed to other factors and host, particularly the inclusion of the solid-stemmed cultivar. Direct and indirect factors likely affected the success of the parasitoid in the crop monocultures and blends, and these mechanisms require further research.
Historically the wheat stem sawfly (Cephus cinctus Norton) has been a major pest of wheat (Triticum aestivum L. and T. turgidum L. (Poaceae)) throughout most dry regions of the Great Plains of North America and is still the subject of intensive research in Canada and the United States (Beres et al. 2011b ). In the southern Canadian prairies, widespread outbreaks of sawfly occurred for about 30 yrs starting in the 1930s (Holmes 1982) , but since then outbreaks have become more sporadic. The last major widespread resurgence in Canada was observed from about 1999 (Beres et al. 2011b ). However, in nearby north central Montana in the United States, this insect remains a chronic and economically important pest (Weaver et al. 2005) . Yield losses of about 10% occur from the larva mining inside the stem (Holmes 1977) and another 13-14% from the lodging that occurs after the mature larvae girdle the base of the stem to construct an overwintering chamber (Beres et al. 2007) . A consistent decrease in yield loss of about 2 kg/ha for every incremental percent of cutting by the sawfly has been noted in western Canada for C. cinctus (Beres et al. 2007 ) and for C. pygmeus L. in Anatolia (Ozberk et al. 2005) . Resistant cultivars with solid stem pith can kill sawfly larvae and reduce yield losses (Platt and Farstad 1949 , Holmes 1977 , Beres et al. 2007 .
A combination of factors including host plant resistance, Bracon species parasitoids (Weaver et al. 2005, C arcamo and , and weather seem to drive population cycles (Holmes 1982) . Cool and humid summers that delay crop maturity allow parasitoids to complete two full generations that in turn can reduce sawfly populations (Holmes and Peterson 1963) . Since 2009, little damage has been reported from the annual surveys conducted in Alberta (Meers and Tames 2010) . Agronomic strategies such as manipulation of seeding rates and blending resistant and vulnerable cultivars can affect damage levels by influencing the population dynamics of C. cinctus and its natural enemies. Increasing plant density of resistant cultivars can reduce the expression of the solid stem trait and result in higher cutting damage (Beres et al. 2011a (Beres et al. , 2012 . However, at low plant densities of resistant cultivars, populations of parasitoids may be reduced through lower host availability or predation by the V C Crown copyright 2016.
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Research article sawfly larva. Ovipositing sawfly do not discriminate between stems with or without eggs; therefore, at high sawfly populations they will lay multiple eggs on single stems ), but only one larva will survive due to cannibalism within the stem (Holmes 1979) . The ectoparasitoids Bracon cephi and B. olissogaster (Muesebeck) may also be consumed by the last surviving C. cinctus larva (Holmes 1979) , so that levels of parasitism may be reduced under high sawfly populations depending on the timing of attack by the parasitoid. A blend of hollow-and solid-stemmed cultivars at intermediate stand densities may provide a more stable environment to reduce damage and stabilize yields (Weiss et al. 1990 , Beres et al. 2009 ), but also provide sawfly larval hosts to enhance populations of parasitoids. Parasitism by Bracon species was a major source of irreplaceable mortality for a population of C. cinctus in Montana (Peterson et al. 2011) . We expect similar results for southern Alberta. Solid-stemmed wheat monocultures are expected to reduce populations of Braconid parasitoids, through direct or indirect effects on host availability (Rand et al. 2012 , Wu et al. 2013 . Therefore, conservation of these parasitoids through the use of habitat manipulation such as cultivar blends is an important component of sawfly management. The objectives of this study were to quantify sawfly oviposition and larval survivorship in relation to wheat species (durum vs. spring wheat), resistant and vulnerable red spring cultivars ('AC Lillian' and 'CDC Go,' respectively), a blend of these two spring cultivars, and seeding rates. Furthermore, we quantified parasitism of B. cephi on C. cinctus and also measured the final cutting plant damage in relation to these factors.
Materials and Methods
The larval survivorship portion of this study was conducted at two locations, one near Coalhurst (49 44 0 N, 112 57 0 W), and the other near Nobleford (49 54 0 N, 112 58 0 W), in southern Alberta, Canada. Oviposition was studied only at the latter site. Both sites are in the Moist Mixed Grass ecoregion (Prairies Ecozone) with Orthic Dark Brown Chernozem clay loam soil, mean annual air temperatures around 5 C, and long-term mean annual precipitation ranging from 350 to 400 mm. The Coalhurst site is a dedicated historical wheat stem sawfly nursery (Peterson et al. 1968 ) managed by the Department of Agriculture and Agri-Food Canada. It is planted annually with wheat cultivars susceptible to this insect. The Nobleford site was established on commercial farmland that followed a typical dryland agronomic rotation of peas (Pisum sativum L.), canola (Brassica napus L.), barley (Hordeum vulgare L.), and flax (Linum usitatissimum L.). Experiments at each site were planted from 2006 to 2009 into a field of spring wheat stubble that was naturally infested the previous growing season with wheat stem sawfly. Details of the agronomic activities implemented at each site, such as soil fertility management, weed control, and research methods, were provided by Beres et al. (2011a) , hence only a summary is presented here. Three cultivars grown commercially were planted and allocated to treatments following a split-plot design. The main crop type factor consisted of: 1) monoculture hollow-stemmed durum spring wheat (Triticum turgidum L. cv. 'AC Avonlea') susceptible to wheat stem sawfly, 2) monoculture solid-stemmed spring wheat (cv. AC Lillian) resistant to wheat stem sawfly, 3) hollowstemmed hard red spring wheat (cv. CDC Go) susceptible to wheat stem sawfly, and 4) a 1:1 blend of AC Lillian and CDC Go. To study effects of planting density, four levels of seeding rate were selected and assigned to the subplot: 1) 150 seeds m À2 , 2) 250 seeds m À2 , 3) 350 seeds m À2 , and 4) 450 seed m À2 .
Plant stem solidness and stem diameter were rated from a 0.50m section of row collected in late-July or early-August at two locations per plot. Mean stem diameter was determined by measuring the outside diameter of the first three internodes using a digital caliper. Each stem was then split lengthwise from crown to neck, and starting from the crown, each internode was assessed visually for pith development using a scale of 1-5 (DePauw and Read 1982). Levels of parasitism (B. cephi larva or pupa and exit holes on the stem) and girdling of the stem were recorded from a similar sample collected at harvest time. Only the low and the high seeding rates at Nobleford were sampled to assess oviposition, but all treatments were considered for the other variables. Oviposition was quantified during the first 2 wks of July each year by randomly selecting 20 stems from each subsample of 0.5-m wheat row. The entire stem was dissected longitudinally to count the number of eggs or hatched larvae. The crop stage was rated following the Zadoks plant stage guide (Zadoks et al. 1974) .
For all response variables, a single mean per plot was calculated (also for the "blend" treatment) and analyzed by site with the MIXED procedure of SAS (Littell et al. 2006 ) version 9.1 using crop type as the main factor and seeding rate as the split factor and year and replicates as random variables. Data on proportions of stems with eggs were transformed to arc-sin values before statistical analysis. The assumption of normality for all variables was tested with the Shapiro-Wilk statistic using the Univariate Proc in SAS. If the variables were not normally distributed, they were transformed using lnþ1 and tested for normality again. In the case where variables were still not normally distributed, they were converted to ranks before analysis (see table captions for specific variables). Differences among treatment means for ranked data were then tested using Fisher's protected test at P ¼ 0.05. Pearson correlation analysis was also conducted in Systat (v. 13) to explore potential associations between sawfly oviposition and various aspects of individual stems such as stem diameter, number of internodes and stem pith within each site, and treatment with years pooled.
Results

Oviposition
Zadok crop stages at the time eggs were sampled varied among crops and were consistent among years; therefore, an average for the four years is presented ( Fig. 1) . Plants of the cultivar CDC Go were consistently at a higher crop stage (around 56) than plants of the other cultivars or those in plots with the blend treatment ( Fig. 1) . Lillian, a later-maturing cultivar, had the youngest plants around the 52 stage, which was not significantly different than those of the cultivar AC Avonlea (around 53). Plants in the blend were slightly more advanced than those in the monocultures of Lillian and AC Avonlea but lower than those of CDC Go. No interaction between crop type and seeding rate was observed; plants seeded at the target rate of 450 plants per square meter were slightly and consistently more advanced than those at the 150 seeding rate (Fig. 1) .
Crop type and seeding rate affected the number of eggs laid per stem and also the proportion of stems with eggs ( Table 1) . Plants of the cultivar CDC Go and the blend of this cultivar with Lillian received significantly more eggs per stem than those of AC Avonlea or the monoculture of Lillian at the low seeding rate. Stems of AC Avonlea had the lowest number of eggs per stem but not significantly different than stems of Lillian. Planting the cultivar CDC Go and the Blend at a lower seeding rate (150 vs. 450 seeds per meter square) resulted in a significant increase in the number of eggs laid per stem. Results for the proportion of stems with eggs followed a similar pattern among crops and between seeding rates as those for densities of eggs, but were not significantly different when their ranks were compared (Table 1 ). The proportion of stems with eggs was lower for Lillian and AC Avonlea than those in the plots planted with CDC Go or the blend of CDC Go with Lillian. Planting the two red spring cultivars (CDC Go and Lillian) in a blend resulted in similar number of eggs per stem relative to planting them in monoculture (Fig. 2) .
For the 8,138 stems that were dissected from Nobleford, we explored possible relationships of individual stem diameter, number of internodes, and development of pith with the number of sawfly eggs per stem using Pearson correlation analysis for each of the eight combinations of seeding rate and crop type ( Table 2) . With the exception of AC Avonlea at the 450 seeding rate, egg abundance was positively correlated with stem diameter. Pith development was negatively correlated with egg density in six of the treatments and not significant for both seeding rates of the cultivar CDC Go, which is hollow-stemmed. The number of internodes of a stem (around 3.5 on average), although generally well-correlated with stem diameter, did not have a consistent pattern of correlation with the number of eggs laid per stem.
Sawfly Larval Survivorship: Host and Parasitoid Effects
Infestation of wheat stems (with evidence of larval feeding) in relation to crop type and seeding rate followed the same pattern observed for oviposition. In general, the results were similar for the two sites, although crop and seeding rate produced a significant interaction at Coalhurst (Table 3 ). The durum wheat (AC Avonlea) had the lowest infestation. It differed significantly from monocultures of CDC Go or Lillian and the blend of these two at both sites (Tables 3 and 4 ). Plots planted to Lillian had significantly lower sawfly infestation than CDC Go or the Blend only at Coalhurst (Table 3) . At both sites, plots with the lowest plant density of 150 stems per m of row had significantly more sawfly infestation than all or one of the treatments where plots were planted at higher densities (Tables 3 and 4) .
Although a large number of stems had evidence of larval feeding, few were girdled by the larva at crop maturity: 0.6 and 0.9 average of cut stems in the 1-m sample of crop, at Coalhurst (Table 3) and Nobleford (Table 4) , respectively. Conversely, the number of larvae parasitized by B. cephi was high especially at Nobleford (Table 4) where it averaged 55% parasitism over the four years (vs. 40% at Coalhurst). At Coalhurst, plants of AC Avonlea had slightly more cut stems than plants of CDC Go and the Lillian monoculture, but not relative to plots with the blend of CDC Go and Lillian. No significant differences occurred at Nobleford. The pattern of parasitoid abundance was opposite to that observed for stem cutting, but similar to NS: no significant differences between seeding rates for number of eggs or infested stems (P > 0.05). Crop effect was significant for number of eggs (F 3,6.01 ¼ 6.85, P ¼ 0.023) and proportion of stems with eggs (F 3,10.6 ¼ 4.2, P ¼ 0.034). Means for number of eggs among rows for crops not sharing letters are significantly different according to Fisher's LSD test based on arc-sin transformed data. No significant interaction found: F 3,105 ¼ 0.87, P ¼ 0.46. the pattern of infestation of stems. Plants of the cultivar AC Avonlea had consistently fewer parasitized sawfly larvae than any other crop type at both sites. Plots with Lillian also had fewer parasitoids than the cultivar CDC Go at the two sites (Tables 3 and 4 ). The effect of seeding rate on parasitoids was less consistent, but there was a trend toward higher number of parasitoids in plots planted at the lowest density, which was significant at Coalhurst (Table 3) .
The number of sawfly-infested stems at plant maturity and the number of sawfly larvae parasitized by B. cephi were both well-correlated with the number of eggs per plot (Table 5 , R values ¼ 0.69 and 0.76, respectively). Number of eggs was weakly negatively correlated with the total number of stems cut before harvest (R ¼ À0.21). Stem pith determined in early July was significantly negatively correlated with the number of eggs per plot, sawfly infestation, and number of parasitoids (range of R-values > 0.18, P < 0.05), but not significantly correlated with the total number of stems cut (Table 5 , R ¼ À0.04, P > 0.05).
Discussion
Wheat species and cultivar influenced oviposition by wheat stem sawfly in our study. Plants of the cultivar CDC Go (hollow-stemmed) received more eggs than those of the other cultivars. The durum wheat AC Avonlea was the least preferred host, though not consistently different from the solid-stem cultivar, Lillian. The factors determining oviposition choices by insects are complex. Holmes and Peterson (1960) suggested that crop stage, regardless of cultivar, was the main factor determining oviposition choice by wheat stem sawfly. Previous studies have established that delayed seeding to disrupt the synchrony of crop development with adult emergence is a strategy to avoid sawfly damage (Jacobson and Farstad 1952, Morril and Kushnak 1999) . In our study, the hollow-stemmed cultivar CDC Go, which is an early-maturing wheat cultivar, was also the most advanced in crop stage and was expected to be the most vulnerable to sawfly damage. Our results are also in agreement with those of Buteler et al. (2009) where they noted that sawfly preferred taller than shorter stems, and consistent with the earlier findings by Holmes and Peterson (1960) . However, in other studies, Weaver et al. (2009) reported that plant volatiles play a key role in determining oviposition choice. In our case, we cannot separate the roles of volatiles from crop stage because CDC Go, the preferred host, was also slightly more advanced in development than the other two wheat cultivars. Planting CDC Go in a blend with Lillian resulted in similar egg densities for each crop relative to their respective monocultures. This suggests that plant volatiles for these two cultivars may not be sufficiently different to override the effect of crop stage. However, we speculate that volatiles from AC Avonlea may reduce oviposition by sawfly because this cultivar had a similar developmental pattern as Lillian, but it had fewer eggs. Another line of evidence that can support the role of volatiles in reducing oviposition in AC Avonlea is the fact that this cultivar has thicker stems than the bread wheat AC Lillian and this parameter entices sawfly to lay more eggs. In general, cultivars within the durum wheat class tend to suffer less damage from wheat stem sawfly compared to bread wheat cultivars (Beres et al. 2007 ). In a related study, Carcamo et al. (2005) noted that the durum cultivar AC Navigator had considerable less damage than hollow-stemmed bread wheat cultivars and it was comparable to the resistant solid-stemmed lines. Part of the semiresistance of these cultivars may be mediated by plant volatiles that reduce oviposition. Entries in bold are significant at P ¼ 0.05. Increasing plant diversity of agroecosystems through cultivar blends can often increase populations of natural enemies and enhance pest control. For example Weiss et al. (1990) and Beres et al. (2009) , recommended blends of solid-and hollow-stemmed cultivars as a pest management strategy to reduce sawfly damage and increase wheat yield, but only in conditions where sawfly populations are moderate. These authors did not consider potential benefits of blending cultivars on natural enemies. In our study, blending wheat cultivars only resulted in a small increase in the number of B. cephi relative to the wheat monocultures. Current red spring wheat sawfly-resistant cultivars are not entirely solid and under abiotic stress (cloudy and humid conditions) even the main stems can be relatively hollow (Holmes 1979) at least in the higher internodes where sawfly prefer to oviposit (Holmes and Peterson 1960) . Therefore, these cultivars provide sufficient plant hosts for the larvae to develop and allow parasitoids to survive. Rand et al. (2012) found a fourfold decrease in parasitism by Bracon parasitoids in some solid-stemmed cultivar relative to hollow-stemmed genotypes, but also suggested that there is sufficient genotypic variation to select solid-stemmed cultivars that are more compatible with biological control. Similar results were also reported by Wu et al. (2013) for solid germplasm derived from crosses between T. durum-T. aestivum. For resistant cultivars that have a direct or indirect impact on Bracon parasitoids, planting a blend with hollow-stemmed cultivars could prove a useful strategy to maintain populations of parasitoids. This should be researched with solid-stemmed durum wheat cultivars, which could be planted in areas that overlap with the historical range of sawfly damage.
Manipulation of seeding rate is commonly used to reduce weed competition and may also influence insect pest populations and reduce crop damage. In our study, the proportion of stems with eggs and their average egg loads per plant were higher in plots with lower plant densities compared to those with higher plant densities. Lower seeding rates are recommended for solid-stemmed cultivars than for hollow-stemmed cultivars (Beres et al. 2011a) to maximize solid pith expression to increase sawfly mortality (Holmes 1982) . Given the higher number of eggs laid per stem in thin stands, mortality would be even higher in sparse but more solid-stemmed stands. Furthermore, cannibalism should be higher in sparse stands of any wheat cultivar, as it is well documented that only one larva emerges from each stem (Holmes 1979) . The interaction among the primary parasitoid, Bracon cephi, the sawfly, and the plant host is very complex. There is evidence that sawfly in thicker stems are more likely to be parasitized (Wu et al. 2013) , which would have a detrimental population effect since these stems produce more sawfly females (Morrill et al. 2000 (Morrill et al. , C arcamo et al. 2005 ). On the other hand, in stems with multiple sawfly eggs, Bracon cephi may be eaten by a surviving sawfly larva (Holmes 1979) . In our study, this hypothesis was not supported because parasitism was in fact positively correlated with sawfly infestation and both of these were negatively correlated (though weakly) with final cutting damage. In northern sites such as ours with large populations of parasitoids, the new summer generation adult wasps may forage late at the time when only one sawfly larva remains in the stem. This would result in increased levels of parasitism and a reduction of the final cutting damage even if many of the first-generation B. cephi larvae were lost to predation by the sawfly host.
The ultimate effect of low plant stands in commercial fields on long-term populations of the sawfly is difficult to predict given the complexity of this system. The lower number of sawfly individuals produced from a thin stand of hollow-stemmed wheat with thicker stems may be counter-balanced by the quality of those adults because thicker wheat stems produce a female-biased sex ratio with a larger egg load (C arcamo et al. 2005) . Conversely, high seeding rates are recommended for hollow-stemmed cultivars to maximize yields, which should result in higher proportions of thin stems. Such stands may have lower egg densities and infestations as observed in our study, but potentially a more balanced sex ratio. Parasitoid populations will likely not be affected or may be slightly higher because the lower proportion of parasitized larvae should be compensated by the higher overall number of hosts available in a stand with more stems.
In conclusion, our study showed that wheat species and a cultivar blend can affect oviposition and survivorship of sawfly larvae as well as populations of the main sawfly parasitoid. Sawfly laid fewer eggs on the durum cultivar, AC Avonlea, and to some extent also on the solid-stemmed cultivar Lillian compared to the hollow-stemmed cultivar CDC Go. Larval establishments (infestation) followed a similar pattern to that of oviposition, which suggests little egg mortality. In these locations there was very little cutting damage in most years and to a large extent this was due to mortality inflicted by the parasitoid Bracon cephi (40-60%). However, the remaining mortality should be attributed to the host, particularly inclusion of the solid-stemmed cultivar. Direct and indirect factors also affected the success of the parasitoid in the crop monocultures and blends. Of particular interest in the future will be elucidating the direct mechanism that results in reduced oviposition in durum cultivars and distinguishing host density factors and plant host effects on the tritrophic interaction with the Bracon parasitoids. Elucidating these ecological interactions will be important to design cropping systems with improved resistance to insect pests.
